We report on the effect of growth direction in Quantum Cascade lasers by using symmetric structures. Dopant migration causes strong wavefunction overlap with dopants for positively biased devices, resulting in ~40% lower performance than those biased negatively.
Introduction
Quantum Cascade (QC) lasers are unipolar devices for the entire mid-infrared (mid-IR) portion of the electromagnetic spectrum. They are traditionally grown via molecular beam epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD) and operate under negative bias, with electrons moving against the growth direction. However, bidirectional mid-IR QC devices, capable of operating under both negative and positive bias, have been reported [1] . Recently, symmetric active regions were used in terahertz QC lasers to investigate growthinduced asymmetries, such as roughness of inverted interfaces, and their influences on device performance [2] . In the interest of knowing how growth direction affects the performance of mid-IR QC devices, we have grown a symmetric structure capable of operating under both positive and negative bias. We processed and characterized several devices in both polarities, which allows for growth-related performance comparison. Figure 1 shows a symmetric QC structure grown by MBE on an InP substrate using lattice-matched InGaAs/InAlAs materials. It is a two-well active region and short-injector design, with the optical transition indicated by the wavy arrow. The same structure is shown under positive and negative bias, with a design wavelength of 7 m. The strict symmetry constraint results in a short period design (36 nm) and diagonal transition with a long longitudinal optical (LO) phonon scattering lifetime (68 ps) for the upper state. The dashed lines represent the nominal doping profile, and the shaded region in both polarities indicates dopant migration, which has been reported to occur along the growth direction with a migration length that depends on growth temperature [3] . When the device is biased negatively/positively, the upper state wave function overlaps less/more with the dopants, resulting in a longer/shorter intersubband lifetime induced by ionized impurity (IMP) scattering. The rough lines along the interfaces between the quantum wells and barriers illustrate an inherent interface roughness (IFR) asymmetry. Such interfaces may induce electron scattering, for which calculation between the upper and lower states shows about 30% more/less contribution from the inverted (rougher) interfaces compared to the normal interfaces, resulting in a shorter/longer IFR scattering lifetime when the design is under negative/positive bias. Fig. 1 Band structure diagrams of a symmetric QC device showing two out of 50 periods of active and injector regions. The optical transition, indicated by the wavy arrow, is designed at 7 m and occurs between the states highlighted in bold. The same design is shown for both polarities, with the shaded region highlighting the dopant migration profile.
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Experimental results and simulations
We processed several circular devices, similar to those in Ref. 4, and characterized them under both positive and negative bias. We also annealed the back and front contacts to ensure symmetry in both directions [4] . Fig. 2 (a) shows the voltage-current characteristics of a circular device at 80 K and 300 K under both polarities. Fig. 2 (b) - (c) show the electroluminescence (EL) spectrum of a cleaved semi-circular sample with 200 m diameter at various currents and under negative/positive polarity, with a full width at half maximum (FWHM) ~20% larger for positively biased devices. While the emission peaks around the designed wavelength (7 m) in both polarities, the peak intensity under negative bias is ~40% higher than that for positive bias, as shown in Fig. 3(a) . This difference cannot be explained by the asymmetry in the upper state IFR scattering lifetime, which predicts an opposite result as mentioned earlier, and therefore suggests a small influence of the IFR asymmetry between normal and inverted interfaces in our material system. However, IMP scattering lifetime for the upper state under positive bias is comparable (~ 85 ps) to the LO-phonon scattering lifetime (68 ps) for migration length larger than 9 nm, while it remains long (>1000 ps) under negative bias, as shown in Fig. 3 (b) . Fig. 3 (c) shows the calculated upper state lifetimes as a function of migration length under both polarities, taking into account LO-phonon, IFR and IMP scattering mechanisms. For a migration length of 10 nm, the calculated upper state lifetime under negative bias is ~43% longer than that for positive polarity, which is in good agreement with the measurement result. 
Conclusion
In summary, we have designed, grown, and characterized QC devices to investigate the effect of growth direction on their performance. The ~40% lower EL peak intensity for positively biased devices is a result of dopant migration toward the active region. When growing QC structures dopants should be placed in the injector region, at least 10 nm away from the active region, to allow room for migration. This will minimize the influence of IMP scattering on the device performance, regardless of the growth direction.
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